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EXECUTIVE SUMMARY 
Culverts can act as barriers to fish and aquatic organism passage by a number of mechanisms including 
insufficient water depth or excess velocity, perched culvert outlets, excess turbulence or behavioral 
barriers. In Minnesota, maintaining unimpeded fish passage is a concern due to our high-quality 
fisheries; however, much of the fish passage research in the United States has been conducted on the 
coasts with anadromous species. Many different methods have been used in Minnesota and nationally 
to facilitate passage including retrofitting existing culverts. In larger culverts, methods such as baffles or 
weirs have been installed to create resting areas for fish in culverts with high velocities, but these can be 
costly, difficult to install in tight culverts, can create maintenance issues, and may only be applicable to 
larger fish species. Recent research from New Zealand demonstrated the effectiveness of mussel spat 
rope in facilitating fish passage in steep, perched, or high-velocity culverts. The installation of these 
ropes in Minnesota box culverts was investigated as a low-cost, low-maintenance method to facilitate 
fish passage, specifically focusing on 1) the hydrodynamic performance of the ropes, 2) the use of these 
ropes by Minnesota fish species, and 3) evaluation of field installations in typical box culverts.  
The use of mussel spat rope as a culvert retrofit to facilitate fish passage was investigated in a three-
prong study combining hydrodynamic experiments, field installation, and fish experiments. While the 
use of mussel spat ropes for fish passage originated in New Zealand, this study focused specifically on 
mussel spat rope use in box culverts for Minnesota fish species.  
Mussel spat rope provides an inexpensive culvert retrofit to facilitate fish passage through box culverts. 
However, there are no suppliers within the United States and shipping costs can be significant. When 
installed in shallow water, ropes disrupt uniform flows in smooth bottom culverts providing a low-
velocity zone around and between ropes that can be utilized by fish. In addition, the ropes provide 
covered habitat, even in low-velocity settings, that may be utilized by small fish species.  
It is not expected that mussel spat ropes will be a design element to facilitate fish passage in new culvert 
designs. In new installations, designs such as embedded culverts may better accommodate aquatic 
organism passage with less long-term maintenance. However, as a retrofit in large box culverts with 
known fish passage issues, ropes may provide an inexpensive method to help smaller or weakly 
swimming fish to move through culverts when other options are infeasible. Field monitoring of 
installation sites may be required to verify that fish passage has improved with the installation of ropes.  
Not all fish will be able to utilize ropes to pass through culverts. The low-velocity regions created by the 
ropes are generally < 6 in, limiting the usefulness of the ropes to smaller fish species. Three fish species 
tested in these experiments (Fathead Minnows, Johnny Darters, and White Suckers) all displayed 
behavior indicative of utilizing the ropes for cover and/or low-velocity areas. 
In large box culverts, ropes create minimal change to the hydraulic capacity, provided that ropes are 
only installed over a small fraction of the culvert bottom. In smaller, less than 3 ft, culverts, where ropes 
cover a greater fraction of the culvert bottom, changes to the culvert capacity should be evaluated.  
  
Ropes and anchoring locations have the potential to catch debris and/or interact with ice formation. If a 
site has potential to carry a large debris load, rope anchoring should be checked often. The durability of 
ropes beyond 2-5 years is unknown, particularly in sites with high potential for sediment abrasion. In 
addition, there are concerns over plastic particles in the environment. Future research is needed to 
identify potential natural fiber alternatives that provide similar benefits.  
Ropes performed best in culverts with low sediment load, shallow flows, and high velocities. 
1. Ropes should be installed in sets of doubled ropes. Spacing between rope sets and the culvert 
wall of approximately 6 in maintained a low flow area between ropes/wall. 
2. D-rings attached to the culvert bottom are sufficient to attach ropes in shallow flows. 
3. In deeper water (>1.5 ft), a bracket and tensioning device that can be anchored above the water 
line should be used. 
4. Ropes with similar properties (fuzzy fibers) should be investigated with other materials that would 
not produce a source of plastic to the environment. 
5. Rope installations should be monitored at least once a year for debris or signs of significant wear. 
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CHAPTER 1:  INTRODUCTION 
Culverts can act as barriers to fish and aquatic organism passage by a number of mechanisms including 
insufficient water depth or excess velocity, perched culvert outlets, excess turbulence or behavioral 
barriers. In Minnesota, maintaining unimpeded fish passage is a concern due to our high-quality 
fisheries; however, much of the fish passage research in the United States has been conducted on the 
coasts with anadromous species. Many different methods have been used in Minnesota and nationally 
to facilitate passage including retrofitting existing culverts. In larger culverts, methods such as baffles or 
weirs have been installed to create resting areas for fish in culverts with high velocities, but these can be 
costly, difficult to install in tight culverts, and can create maintenance issues. Recent research from New 
Zealand demonstrated the effectiveness of mussel spat rope in facilitating fish passage in steep, 
perched, or high-velocity culverts. The installation of these ropes could provide a low-cost, low-
maintenance method to facilitate fish passage through culverts in Minnesota, but more information is 
needed on 1) the hydrodynamic performance of the ropes, 2) the use of these ropes by Minnesota fish 
species, and 3) information on the field installation of these ropes in typical box culverts installed in 
Minnesota. This project seeks to answer these questions using a combination of physical laboratory 
measurements on rope performance, fish laboratory experiments on use of ropes, and a field 
demonstration site. 
1.1 LITERATURE REVIEW 
Mussel spat rope is comprised of UV stabilized polypropylene fibers designed to improve attachment 
and abundance of marine mussel larvae for aquaculture. This rope has been installed in a number of 
small culverts in New Zealand to assist fish passage (David et al., 2014b). A review of the literature of 
mussel spat rope for culvert fish passage reveals four studies out of New Zealand. These studies indicate 
that mussel spat ropes have helped to facilitate fish passage in perched culverts for climbing fish species 
(David and Hamer, 2012; David et al., 2009), but also for swimming fish with velocity barriers (Tonkin et 
al., 2012). In addition, the ropes assisted both fish and shrimp passage through culverts with differing 
lengths and flow rates (David et al., 2014a). Based on these studies the Waikato Regional Council 
published a document entitled “Appropriate use of mussel spat ropes to facilitate passage for stream 
organisms” (David et al., 2014b). This document lays out the recommended use and installation of 
mussel spat rope for fish passage in perched and high-velocity culverts. These studies indicate that there 
is promise for rope use in larger culverts where velocity is a barrier, but their use is untested. 
1.1.1 Perched culverts  
Two studies evaluated the use of mussel spat rope to assist native New Zealand climbing fish species 
(David et al., 2009; David and Hamer, 2012). Three vertical mussel spat ropes were found to assist 90% 
of juvenile banded kokopu (Galaxia fasciatus) up a 0.5-m perch within 3 hours in the laboratory (David 
et al., 2009). Banded kokopu are a native diadromous New Zealand fish species known for their climbing 
abilities. Banded kokopu are one of a group of diadromous fish known as migratory whitebait that 
2 
 
migrate back to freshwater after 3-6 months at sea (McDowall, 1990). Juvenile banded kokopu in this 
experiment were 37-41 mm in total length. Two types of commercially available mussel spat rope (Super 
Xmas Tree and Russet Loop; Donaghys Industries) were used and there was no significant difference 
between rope types. This study indicated that there is a potential to use mussel spat ropes to assist 
passage through perched culverts for other climbing fish species. David and Hamer (2012) field tested 
the use of mussel spat ropes for passage through a perched culvert with a before-after-control-
treatment design. Four species of fish were specifically tested: banded kokopu (Galaxia fasciatus), redfin 
bully (Gobiomorphus huttoni), and two species of eels: longfin (Anguilla dieffenbachii) and shortfin 
(Anguilla australis). Following installation of 8 lines of Super Xmas Tree rope (in a 4.9 ft diameter culvert, 
perched by 7.9 ft), results indicated a 3-4 times increase in fish abundance relative to the control 
stream. However, banded kokopu, known climbers, were responsible for the majority of this increase. 
Redfin bully, and both species of eel were present at both the treatment and control sites, but there was 
no notable response of these species to the rope treatment (other recent field evidence suggests that 
there may be potential for these ropes to work for eel passage). Results from these two studies indicate 
that mussel spat ropes have potential to improve fish passage through perched culverts for climbing fish 
species, but that other retrofits may need to be considered (ramps, etc.) for weaker or non-climbing fish 
species. 
Factors identified in these studies for the use of mussel spat rope for fish passage through perched 
culverts include: fish size and life stage, motivation, climbing ability, range of velocity/discharge, vertical 
height and installation details, length and gradient of pipe, proximity to recruitment sources, and debris 
entanglement and periphyton accumulation (David et al., 2014b). 
1.1.2 Velocity barriers in culverts 
The use of mussel spat rope (Super Xmas tree) to facilitate fish passage in culverts with high slope or 
high velocities was investigated by Tonkin et al. (2012) and David et al. (2014a). Videos from fish passage 
with mussel spat rope experiments are summarized in Appendix A. Tonkin et al. (2012) found that no 
redfin bully (Gobiomorphus huttoni) were able to swim through their test culverts (17.6% slope) without 
a rope, while 52% were able to pass in rope treatments. Redfin bully are a native diadromous fish in 
New Zealand known to be good climbers (https://www.niwa.co.nz/freshwater-and-
estuaries/nzffd/NIWA-fish-atlas/fish-species/redfin_bully). Fish used in the experiments ranged in size 
from 24 to 73 mm. Some fish were reused leading to concerns over learned behavior in the use of the 
ropes. These experiments were conducted as pairwise trials with a control (no rope and 2 parallel 
lengths of rope). Flow rates were held constant (0.032 – 0.035 cfs) in a 1.15 ft diameter pipe with two 
lengths (9.8 ft and 19.7 ft). The addition of the rope resulted in a 62% reduction in velocity within the 
pipe (no rope: 5.8 ft/s; with rope: 2.2 ft/s). It should be noted that the rope occupied a significant 
proportion of the cross-sectional flow area (depth not reported), and was approximately equal to or 
greater than the flow depth. The authors observed that without ropes, velocity within the simulated 
culverts exceeded the sustained swimming abilities of the redfin bully, while, with the ropes, fish were 
observed to use the boundaries near the base and beneath the ropes as flow refugia. 
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David et al. (2014a) built on the work done by Tonkin et al. (2012) by testing the use of mussel spat rope 
to facilitate juvenile rainbow trout (Oncorhynchus mykiss), adult inanga (Galaxias maculatus), and a 
migratory shrimp (Paratya curvirostris). Inanga are a weakly swimming, non-climbing native New 
Zealand fish (https://www.niwa.co.nz/freshwater-and-estuaries/nzffd/NIWA-fish-atlas/fish-
species/inanga). The same size culvert pipes were used in these experiments, length: (9.8 ft and 19.7 ft) 
and diameter: 1.15 ft. Two slopes (1.75% and 5.24%) and two flow rates were tested (0.0085 and 0.025 
cfs) with and without rope. The addition of rope reduced velocities from 2.4-4.2 ft/s without a rope to 
0.79-2.1 ft/s with a rope. Ropes were found to increase passage for all species. Both fish were able to 
migrate through some combinations without the rope, but the rope was essential at the highest flow/ 
steepest slope combination.  
Mussel spat ropes show promise for facilitating the passage of smaller species through long, physically 
inaccessible culverts where other retrofits are impractical or infeasible (David et al., 2014a). Factors to 
be considered for the use of mussel spat rope for fish passage through culverts with a velocity barrier 
include: culvert capacity and swimming behavior of targeted fish species. 
1.2 SUMMARY AND GUIDANCE FOR MUSSEL SPAT ROPE IN MINNESOTA  
The report by David et al. (2014b) provides a summary of suggested uses and non-recommended uses 
for mussel spat rope to facilitate fish passage. These are summarized here: 
Suggested uses of mussel spat ropes to enhance fish passage for: 
x Perched culverts with only climbing fish species present 
x Small, non-perched culverts (<3.2 ft in diameter) and/or (>9.8 ft long) and/or >1.75 % slope 
 
Mussel spat ropes are not recommended to enhance fish passage for:  
x Passage for non-climbing species past perched culverts 
x Culverts >1m (3.2 ft) in diameter unless other existing options are not suitable 
In Minnesota, where no native climbing fish species are present, mussel spat ropes are unlikely to assist 
fish passage over perched culverts, and thus are not recommended for facilitating passage through 
perched culverts. The goal of this study was to investigate the feasibility of mussel spat ropes to 
facilitate passage for Minnesota fish species in culverts, particularly larger box culverts. These culverts 
are significantly longer and much wider than 3.2 ft; however, David et al. (2014a) suggest that arrays of 
mussel spat rope may provide additional passage capabilities for larger fish or larger culverts. With the 
exception of the tests with juvenile rainbow trout, the swimming abilities of the native New Zealand fish 
species tested are very different than the swimming abilities of native Minnesota fish species. Many 
native New Zealand fish species are migratory (40% of 43 total species; McDowall, 2011), and many of 
these have evolved to climb past obstacles when migrating upstream.  
For Minnesota fish species, ropes may be useful for assisting smaller fish species through long culverts 
that present a hydraulic barrier. If applicable, these ropes may provide an inexpensive retrofit for 
culverts where other options are not feasible. There are no studies that investigate passage success with 
4 
 
mussel spat rope for culverts longer than 20 ft or larger box culverts. Some issues noted by David et al. 
(2014b) to be considered for the use of mussel spat ropes to facilitate fish passage through culverts with 
velocity barriers include:  
x Larger fish may not be able to use ropes to navigate due to insufficient water depth or flow 
refugia 
x Durability is unknown in freshwater uses. A 10-15 year life span is indicated for marine use with 
full sunlight and wave action. Ropes used in culverts can be subject to abrasion from sediment 
but are protected from sunlight. Ropes installed for 5-plus years have not required maintenance 
x Ropes may trap debris 
x Keep ropes tight 
x Use non-looped ropes 
x Inspect ropes 
x Ropes inside culverts change the hydraulic capacity and may encourage deposition beneath 
ropes. Roughness is expected to be similar to a corrugated culvert and less than baffles. Culvert 
size should be 10-20% greater than required for purely hydraulic purposed to allow the 
installation of ropes and potential settling of substrates within the culvert. 
 
Rope installation tips: 
x Measure culvert length and leave extra for attachment above and below the culvert 
x Attach multiple length of rope upstream of the culvert to a metal stake hammered into the 
streambed 
x Avoid debris build up on attachment points 
x Make ropes as tight as possible  
x Minimize wear on either end of the culvert 
x Multiple ropes allow greater surface area 
x Minimum of two rope lines through a 1.6-ft diameter culvert (more for bigger culverts) 
x Knots can be tied along the section of rope within the barrel to break up velocity and create 
additional rest areas 
1.3 MUSSEL SPAT ROPE OPTIONS 
Mussel spat ropes are made of UV stabilized polypropylene fibers and typically used in marine mussel 
aquaculture to provide a settlement substrate for mussel larvae (David et al., 2014b). Two readily 
available ropes that have been tested to facilitate fish passage are the Russet Loop and Super Xmas Tree 
(Donaghy’s Industries). Russet loop is not advised within the culvert barrel because of the perceived risk 
of trapping sticks or debris in the loops (David et al., 2014b; https://www.donaghys.com). While there 
are a few other companies that manufacture rope (Quality Equipment Limited: New Zealand Rope and 
Twine Ltd.; http://musselrope.co.nz/), no companies were identified and/or responded to requests 
within North America. Specifications for the Super Xmas Tree (Figure 1-1) rope from Donaghys are 
shown in Table 1.1. 
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Figure 1-1 Super X-mas tree mussel spat rope. 
 
Table 1.1  Specifications for Super Xmas Tree mussel spat rope. 
Size core Cut trim length Unit Length 
Unit 
weight 
Tensile 
strength* 
Cost (2015) 
(mm) (mm)  (m) (kg/roll) (t)  
14 55-65 Coil 500 51 ~2 $285 USD/roll + shipping 
*as reported in David et al. (2014a) 
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CHAPTER 2:  HYDRODYANAMICS OF MUSSEL SPAT ROPE 
This chapter details the results of the hydrodynamic performance experiments of mussel spat ropes in a 
flume at SAFL. 
2.1 METHODS 
A suite of experiments were conducted at St. Anthony Falls Laboratory (SAFL) to quantify the 
hydrodynamic performance of mussel spat ropes in a range of flow conditions. Donaghy’s Super Xmas 
Tree ropes (https://www.donaghys.com/rope-and-cordage/products/aquaculture) were used in all 
experiments (Figure 1-1). These ropes have a 14 mm core and 55-65 mm cut trim. The first set of 
experiments measured flow fields (velocity and turbulence) around mussel spat ropes in a 20-in (0.508 
m) wide flume for single and multi-rope configurations. In the second set of experiments, sediment was 
added to the flume to monitor the interactions between ropes and sediment deposition.  
2.1.1 Flume Description 
The SAFL 20 inch (0.508 m) flume (30 x 1.7 x 2.3 ft; 9.1 x 0.51 x 0.7 m) can maintain steady flows up to 5 
cfs (140 L/s). Incoming water flow is measured using a weir with an adjustable point gage. Water flows 
through two flow straighteners and an adjustable sluice gate, which can control depth and type of flow 
(i.e. supercritical or subcritical) before the test section of flume located at x = 14.76 ft (4500 mm) to x = 
16.73 ft (5100 mm). At the tail end of the flume, water flows over an adjustable weir, which was 
installed for this experiment to control water depth in the flume. A computer controlled data acquisition 
carriage is used to collect spatially referenced (sub-mm accuracy) data. The data carriage and flume was 
outfitted with the following instruments (Figure 2-1):  
- Acoustic Doppler Velocimeter (ADV): A side-looking Nortek Vectrino was used to collect velocity 
measurements in three dimensions. The ADV had a sampling volume of 0.16 ft (5 cm).  
- Massa Ultrasonic Transducer: A Massa sensor was used to collect water surface elevations along 
the length of the flume to determine slope and water depth. 
- Keyence Laser: A Keyence laser was used to run a rectangular scan of the flume floor and to 
document sedimentation in the vicinity of the ropes.  
- Sediment Feeder: Feeds sediment through a funnel and corkscrew system at consistent rates 
(Figure 2-2).  
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Figure 2-1 20-inch flume with computer controlled instrumentation carriage. 
 
Figure 2-2 Sediment feed at upstream end of flume. 
2.1.2 Experimental Design 
A series of experiments were carried out in a flume to quantify the flow patterns around single ropes or 
arrays of ropes. For the single rope runs, a rope was stretched down the middle of the flume (y = 0.84 ft; 
255 mm) and seven flow and depth combinations were tested (Table 2.1). Five multi-rope configurations 
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were tested for one flow depth combination (1.97 ft/s and 0.98 ft). These were: double rope down the 
middle of the flume, a rope in the flume corner, two ropes (one in the middle and one in the corner), 
three ropes (middle, corner and halfway in between), and four ropes (middle, corner and two ropes 
spaced evenly between). Velocity data was collected around each rope to create velocity contours to 
evaluate the effect the rope(s) had on the flow field. For each flow/depth combination, a control test 
was conducted to verify the flow distribution in the flume without a rope. For a single flow/depth 
combination (1.97 ft/s and 0.49 ft), sediment was added to the flume to document sedimentation in the 
vicinity of the ropes (Table 2.1).  
Table 2.1 Summary of hydrodynamic tests for mussel spat rope. 
Target Velocity 0.98 ft/s 
(30 cm/s) 
1.97 ft/s 
(60 cm/s) 
3.28 ft/s 
(100 cm/s) Target Depth 
0.26 ft (8 cm) Single, Control Single, Control - 
0.49 ft (15 cm) Single, Control Single, Control, 
Sediment 
Single, Control 
0.98 ft (30 cm) Single, Control Single, Control, 2, 3, 4, 
Corner, 2 Middle 
Single, Control 
2.1.3 Experimental Setup 
For each flow/depth combination, data were collected with and without ropes installed (control). The 
weir and sluice gate were adjusted to pre-determined positions. The weir height was measured from the 
top of the tail box to the middle point on the end of the weir. The sluice gate height was measured as 
the height of the gate extended from the top of the head box. The water was then set to the correct 
flow rate using a point gauge to measure head over a calibrated sharp-crested weir in the headbox.  
Ropes were attached with a clamp at the tail end and a pulley and adjustable tension system at the head 
of the flume. The horizontal rope positions were verified in flume coordinates by shining the Keyence 
laser into the middle of the rope. Because the ropes had a tendency to float and stretch, when the water 
level stabilized, each rope was tensioned using the pulley system so that it would sit at 0.23 ft (70 mm) 
from the flume bottom in the test section.  
2.1.4 Data Collection 
At the beginning of each single or multi-rope run, a water surface scan consisting of ten passes of the 
Massa ultrasonic transducer, was run down the middle of the flume (y= 0.84 ft; 255 mm) to measure the 
water surface slope. Velocity data (100 Hz for 4 minutes) were collected at three to four cross sections 
per run spaced 0.66 ft (20 cm) apart to quantify any differences in flow fields due to irregularity of the 
rope. Initially, these were collected at x=17.76, 15.42, and 16.08 ft (4500, 4700, and 4900 mm); 
however, due to concerns over flume entrance conditions, these were switched to x =15.42, 16.08, and 
16.73 ft (4700, 4900, and 5100 mm). Point spacing was set to capture velocity patterns 0.03, 0.07, and 
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0.16 ft (10, 20, and 50 mm) away from each rope in the horizontal and vertical directions. Larger spacing 
(up to 0.16 ft; 50 mm) was used further from the ropes. All velocity data were processed in MATLAB 
using a phase-space-thresholding technique to remove spikes (Parsheh et al., 2010).  
For the sedimentation experiments, a sediment feeder was installed at the upstream end of the flume 
before x=6.56 ft (2000 mm). The feeder nozzle faced upstream and the sand fed first onto a splitter 
before going into the water to help remove any clumps and evenly distribute the sediment. The feeder 
is controlled by potentiometer dial for adjustment of feed rates. The goal of these experiments was to 
examine how the mussel spat ropes interact with sediment. Trial runs were completed in order to 
determine a flow/depth combination that would show the movement of particles and also demonstrate 
deposition. The best balance between movement of particles and deposition was determined to be at 
0.49 ft (15 cm) depth and 1.97 ft/s (60 cm/s). Sediment was fed at a rate of 2.3 lb/min (1027 g/min).  
Two rope configurations were tested with sediment: two ropes in the middle of the flume and four 
ropes spaced across one half of the flume. For each run, sediment was fed for one hour, then flow and 
sediment feed were stopped and the deposited sediment was scanned using a 0.003 ft by 0.003 ft (1 
mm by 1 mm) Keyence laser scan. The flow was turned back on and the sediment was fed into the flume 
for an additional hour. At the end of this run, the sediment deposition was scanned again.  
2.2 SINGLE ROPE TEST RESULTS 
2.2.1 Time-Averaged Flow and Turbulence  
An intensive ADV data collection program described above was employed to measure velocity in three 
dimensions and turbulence in the flume tests. Time-averaged streamwise velocity and turbulence kinetic 
energy (TKE) are plotted in the figures. The contoured frames in presented these figures represent the 
portion of the flume width (cross stream, or Y-direction) over which the data was collected. For single 
rope runs, this area represented half of the flume width. At each cross section the colored contour field 
represents interpolated streamwise velocities in ft/s scaled by the bulk velocity for each run, or 
turbulence kinetic energy (TKE) in ft2/s2. Due to the physical limitations of the flume and fixed head, 
side-looking ADV, no data could be taken closer than 0.39 ft (12 cm) from the flume wall, which is the 
leftmost vertical profile shown in each cross section. Likewise, the lowest vertical points were 0.066 ft (2 
cm) above the flume floor. For the 0.3 ft (8 cm) depth runs, the highest vertical point was at 0.23 ft (7 
cm), approximately 0.03 ft (1 cm) below the water surface, while at the 0.49 ft (15 cm) and 0.98 ft (30 
cm) run depths, the highest vertical points were approximately 0.1 ft (3 cm) below the water surface.  
Both control and single rope tests were completed for each velocity/depth combination. For the control 
tests, streamwise velocity was generally near the bulk velocity of and relatively uniform or gradually 
varying across the flume (Figure 2-3). In general, streamwise velocities were lower near the bottom of 
the flume boundary, and may also have been subtly influenced by surface imperfections and flow inlet 
conditions that are not completely controlled. A similar pattern of uniformity or gradual variation may 
be observed in TKE cross-sections (Figure 2-4). 
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For the rope tests, there was much spatial greater variation in both streamwise velocity and TKE, 
consistent with flow disturbances caused by the rope. In general, velocity is near zero (blue hues) near 
the core of the rope (Figure 2-5). TKE is low near the rope core due to low velocities, increases to a peak 
in the donut-shaped zone of fibers surrounding the rope core, and decreases again to background levels 
far from the rope (Figure 2-6). The density and length of fibers varies along the rope, resulting in minor 
variations between cross sections, but for comparison sake, only one cross section is shown here.  
 
Figure 2-3 Cross-sectional velocity profiles collected at 16.08 ft (4900 mm) for the control runs (no rope). The 
black dots show ADV locations. Contoured profiles represent approximately half of the flume width (1.67 ft). 
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Figure 2-4 Cross-sectional TKE profiles collected at 16.08 ft (4900 mm) for the control runs (no rope). The black 
dots show ADV locations. Contoured profiles represent approximately half of the flume width (1.67 ft). 
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Figure 2-5 Cross-sectional velocity profiles collected at 16.08 ft (4900 mm) around a single rope placed mid-
flume width. Velocity (U) is scaled by the bulk velocity (Ubulk) from the no rope run. The black circle represents 
the approximate initial location of the rope. The dotted black line is the contour of 50% of the bulk flow. 
Contoured profiles represent approximately half of the flume width (1.67 ft). 
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Figure 2-6 Cross-sectional TKE profiles collected at 16.08 ft (4900 mm) around a single rope placed mid-flume 
width. The black circle represents the approximate initial location of the rope. The dotted black line is the 
contour of 50% of the bulk flow (Figure 2-5). Contoured profiles represent approximately half of the flume width 
(1.67 ft). 
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2.3 MULTIPLE ROPE TEST RESULTS: FLOW AND SEDIMENTATION 
The effect of rope spacing and configuration was investigated using multi-rope tests. All multi-rope 
experiments were conducted at 0.98 ft (30 cm) target depth and 1.97 ft/s (60 cm/s) target velocity. A 
single rope in the corner of the flume had little effect on flow (Figure 2-7a). At a rope spacing of 
approximately 0.62 ft (19 cm) (one rope in the middle and one in the corner) velocities between the 
ropes returned to 80-90% of the bulk flow (Figure 2-7b). When an additional rope was added between 
the two ropes (spacing of approximately 0.26 ft; 8 cm), velocity between the ropes was less than 50% of 
the bulk flow (Figure 2-7c). When two ropes were added (spacing of approximately 0.19 ft; 6 cm), the 
space between the ropes was too small to safely use the ADV, but it is assumed that the flow remained 
low between the ropes (Figure 2-7d). Multiple ropes (3 or 4), resulted in an increased zone of enhanced 
TKE (Figure 2-8). A double rope down the middle of the flume resulted in a slightly larger reduced 
velocity zone and a larger enhanced TKE zone (Figure 2-9). 
To determine the effect of mussel spat ropes on sediment transport, two experiments were conducted 
at the 0.49 ft (15 cm) depth and 1.97 ft/s (60 cm/s) flume settings. Both the two rope configuration 
(Figure 2-10 and Figure 2-11) and four rope configurations (Figure 2-12 and Figure 2-13) show enhanced 
sediment deposition between and below the ropes.  
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Figure 2-7 Cross-sectional velocity for a) one rope in the flume corner; b) two ropes (mid-flume and corner); c) 
three evenly spaced ropes; and d) four evenly spaced ropes. Velocity (U) is scaled by the bulk velocity (Ubulk) 
from the no rope run. The black circle represents the approximate initial location of the rope. The dotted black 
line is the contour of 50% of the bulk flow. 
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Figure 2-8 Cross-sectional TKE profiles for a) one rope in the flume corner; b) two ropes (mid-flume and corner); 
c) three evenly spaced ropes; and d) four evenly spaced ropes. The black circle represents the approximate 
initial location of the rope. The dotted black line is the contour of 50% of the bulk flow. 
 
17 
 
 
Figure 2-9 Cross-sectional profiles for paired ropes, mid-flume a) velocity; and b) TKE. Velocity (U) is scaled by 
the bulk velocity (Ubulk) from the no rope run. The black circle represents the approximate initial location of the 
rope. The dotted black line is the contour of 50% of the bulk flow. 
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Figure 2-10 Measured sediment deposition after one hour (a) and two hours (b) for the two rope configuration 
at 0.49 ft (15 cm) depth and 1.97 ft/s (60 cm/s) with 2.26 lb/min (1027 g/min) sediment feed. Flow is from top to 
bottom. 
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Figure 2-11 Stitched photographs of sediment deposition after one hour (a) and two hours (b) for the two rope 
configuration at 0.49 ft (15 cm) depth and 1.97 ft/s (60 cm/s) with 2.26 lb/min (1027 g/min) sediment feed. Flow 
is from top to bottom. 
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Figure 2-12 Measured sediment deposition before (a), after one hour (b) and after  two hours (c) for the four 
rope configuration at 0.49 ft (15 cm) depth and 1.97 ft/s (60 cm/s) with 2.26 lb/min (1027 g/min) sediment feed. 
Flow is from top to bottom. Note that fourth rope was too close to the flume wall to appear in scanned area. 
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Figure 2-13 Stitched photographs of sediment deposition after one hour (a) and two hours (b) for the four rope 
configuration at 0.49 ft (15 cm) depth and 1.97 ft/s (60 cm/s) with 2.26 lb/min (1027 g/min) sediment feed.  
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2.4 SUMMARY AND RECOMMENDATIONS 
Experiments were conducted to determine the influence of mussel spat ropes on local hydrodynamics 
and sediment transport in a laboratory flume. This flume was 20-in wide and therefore much narrower 
than a typical box culvert, but results from these experiments provide details into flow and sediment 
transport around the ropes that would not be feasible to measure in the field. 
2.4.1 Rope Effect on Roughness  
Using the water surface experiments, a Manning’s roughness (n) was calculated for control and rope 
runs using Manning’s equation:  
𝑛 =
1.49
𝑉
𝑅2 3⁄ 𝑆
1
2⁄  
where V = velocity (ft/s); R = hydraulic radius (ft); and S = slope. For the single rope experiments, the 
Manning’s n was consistently higher for the rope runs than for the control (Table 2.2). Manning’s n 
increased with a single rope 1.75 times the no rope scenario. The mean single rope n was 0.018; the 
mean n with no rope was 0.010.  
Table 2.2 Summary of measured discharge, depth, velocity, slope and calculated Manning’s n for single rope 
experiments. 
Run 
Description 
# of 
ropes 
Index 
Depth 
(ft) 
Index 
Velocity 
(ft/s) 
Measured 
Depth (ft) 
Discharge 
(cfs) 
Velocity 
(ft/s) 
Measured 
Slope 
Manning 
n 
single rope 1 0.26 0.98 0.27 0.4 0.97 1.2E-03 0.018 
single rope 1 0.49 0.98 0.49 0.8 0.99 5.5E-04 0.016 
single rope 1 0.98 0.98 0.96 1.6 1.01 5.5E-04 0.020 
single rope 1 0.26 1.97 0.32 0.9 1.62 3.4E-03 0.020 
single rope 1 0.49 1.97 0.51 1.6 1.91 2.4E-03 0.018 
single rope 1 0.98 1.97 1.00 3.2 1.95 1.1E-03 0.015 
single rope 1 0.52 3.28 0.58 2.7 2.79 5.4E-03 0.019 
single rope 1 0.98 3.28 0.99 5.4 3.27 4.2E-03 0.017 
control 0 0.26 0.98 0.26 0.4 1.01 4.8E-04 0.011 
control 0 0.49 0.98 0.50 0.8 0.95 1.3E-04 0.008 
control 0 0.98 0.98 0.96 1.6 1.01 1.8E-04 0.012 
control 0 0.26 1.97 0.27 0.9 1.88 1.9E-03 0.012 
control 0 0.49 1.97 0.47 1.6 2.02 8.1E-04 0.009 
control 0 0.98 1.97 0.99 3.2 1.95 3.1E-04 0.008 
control 0 0.52 3.28 0.53 2.7 3.04 3.2E-03 0.013 
control 0 0.98 3.28 0.98 5.4 3.28 1.5E-03 0.010 
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The increased roughness created by the rope resulted in a greater flow depth. This effect was greatest 
at the lowest depth (0.26 ft; 8 cm). The ratio of depth with the rope to depth in the control run 
decreased with the control run depth and increased generally with the bulk velocity (Figure 2-14). 
Additionally, at low depth, a rope resulted in a greater decrease in the bulk velocity. The effect on both 
bulk velocity and depth was small at the largest depth tested (0.98 ft; 30 cm). Manning’s n increased 
with the number of ropes installed in the flume and approached 0.025 with 4 ropes, a coverage of 
approximately half of the flume width (4 ropes; Table 2.3; Figure 2-15). This is similar to floodplain  
roughness with short grass. It should be noted, however, that the roughness effects here present a case 
where 1/8 to 1/2 of the flume bottom is covered with ropes. In the field demonstration (Chapter 2) the 
ropes covered only a small portion of the culvert bottom and did not significantly alter the bulk culvert 
roughness. 
 
Figure 2-14 Comparison of the influence of a single rope on flow depth compared to the control flow depth. 
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Table 2.3 Summary of measured discharge, depth, velocity, slope and calculated Manning’s n for multiple rope 
experiments. 
Run Description # of ropes 
Index 
Depth 
(ft) 
Index 
Velocity 
(ft/s) 
Measured 
Depth (ft) 
Discharge 
(cfs) 
Velocity 
(ft/s) 
Measured 
Slope 
Manning 
n 
control (multi) 0 0.98 1.97 0.99 3.2 2.0 3.1E-04 0.008 
2 ropes middle 2 0.98 1.97 0.97 3.2 2.0 1.9E-03 0.019 
1 rope corner 1 0.98 1.97 0.99 3.2 2.0 1.2E-03 0.016 
2 ropes corner 2 0.98 1.97 0.99 3.2 1.9 2.0E-03 0.020 
3 ropes corner 3 0.98 1.97 1.00 3.2 1.9 2.6E-03 0.023 
4 ropes corner 4 0.98 1.97 0.99 3.2 2.0 3.0E-03 0.024 
1 rope middle 1 0.98 1.97 1.00 3.2 1.9 1.1E-03 0.015 
control (single) 0 0.98 1.97 0.99 3.2 2.0 3.1E-04 0.008 
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Figure 2-15 Comparison of the influence of the number of ropes to the calculated Manning’s n. 
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2.4.2 Key Observations 
Based on these hydrodynamic and sediment transport experiments a number of key observations can 
be made that can guide the installation and use of mussel spat rope for fish passage. 
x Ropes are flexible and stretch. Without being tied down, they will float. Even when tensioned, 
they remained off of the flume bottom at most flows. 
x The influence of mussel spat rope on flow boundaries is greatest at low flow depths. In this 
scenario, the ropes create the greatest change to flow depth and bulk velocity. This influence 
decreases with increasing flow depth or increasing flow width. 
x The addition of mussel spat rope changes the Manning’s n of the flume (overall roughness), and 
this seems to reach a maximum of 0.024 (in our flume conditions). 
x Reduced velocities around the rope created a low-velocity boundary on the order of 0.06-0.13 ft 
(2-5 cm) with a 50 % reduction in velocity. These boundaries could facilitate small fish, but are 
unlikely to help larger fish move through a culvert.  
x A zone of high TKE was present around the fibers of each rope. The relationship between 
turbulence and fish swimming is complicated (Liao, 2007; Lacey et al., 2012), where some fish 
paths are driven by fish selecting low turbulence areas (Newbold and Kemp, 2005) and others by 
complicated interactions between turbulence, velocity, cover, and the presence of other fish 
(Goettel et al., 2015). The TKE values in this study were within the range of those presented in 
other fish passage studies (Goettel et al., 2015; Newbold and Kemp, 2005; Smith et al., 2005). 
x Sediment was observed to deposit between and below ropes. This is likely to reduce the 
effectiveness of the rope in culverts with high sedimentation rates, but can increase the coverage 
of streambed sediment within the culvert barrel, which has benefits for fish passage. 
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CHAPTER 3:  FIELD INSTALLATIONS 
This chapter details the results of the monitoring effort for field installation of mussel spat rope in 
culverts. 
3.1 STUDY SITES 
Mussel spat ropes were installed in two culverts in Minnesota to evaluate the performance and 
longevity of ropes. Two culverts were selected: one in northeast Minnesota near Two Harbors, and one 
in southwest Minnesota near Luverne (Figure 3-1; Table 3.1). Each site was visited multiple times to 
evaluate: 1) rope durability, 2) rope performance, and 3) fish use of rope (opportunistically). The Elk 
Creek site was designated Critical Habitat for the Topeka Shiner and was a low gradient prairie stream. 
The Silver Creek site was a high gradient designated trout stream on the North Shore of Lake Superior. 
These sites were selected to span a range of habitat and fish communities. 
Table 3.1 Summary of visits to each field site. 
Waterway Road Bridge 
No. 
Date Installed/ 
Removed 
Dates Visited Notes 
Silver Creek Hwy 61 5648 10/22/2015 
10/20/2017 
October 2015 
November 2015 
January 2016 
March 2016 
April 2016 
October 2016 
April 2017 
October 2017 
Shallow, steep, fast current, 
water levels affected by 
lake levels. Two sets of 
doubled ropes installed. 
Elk Creek I-90 91077 11/9/2015 
7/14/2017 
November 2015 
January 2016 
June 2016 
September 2016 
July 2017 
Deep, slow current, water 
levels backwatered through 
culvert. Difficult to install, 
one set of doubled ropes 
installed. Ropes replaced in 
June 2016. 
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Figure 3-1 Map of two culvert sites where mussel spat ropes were installed. In southwest Minnesota ropes were 
installed in a culvert in critical Topeka Shiner habitat where I-90 crosses Elk Creek. In northeast Minnesota, 
ropes were installed in a culvert on a designated trout stream, Silver Creek, where highway 61 crosses just 
before Lake Superior. 
3.2 ROPE INSTALLATION 
In each culvert, ropes were installed near a wall in doubled strands. Each doubled strand was fed 
through a stainless steel D-ring that was attached to the culvert bottom with a concrete screw anchor 
(Figure 3-2) and attached with a UV-resistant nylon zip tie. Because the field site culverts were long, an 
additional anchor was attached mid-way through each culvert. At the downstream end of the culvert, 
ropes were attached to another D-ring then tightened as much as possible. The ends were either tied or 
zip-tied together, and zip-tied at the downstream anchor. Initially an anchor weight beyond the end of 
the culvert was tried at Elk Creek; this proved ineffective and was not done when the rope was 
reinstalled after being broken or cut (Section 3.4 ). Rope layout was designed based on the 
hydrodynamic experiments described in Chapter 2. Double ropes provided slow-velocity refugia 
between ropes. Ropes were installed 8 in (20 cm) from the culvert wall. For Silver Creek, the spacing 
between sets of ropes was 6 in (15 cm; Figure 3-3). Only a single set of ropes was installed in Elk Creek 
due to the difficulty of installing ropes in deeper water (Figure 3-4). 
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Figure 3-2 Anchors installed at upstream end of culvert in Silver Creek. 
 
Figure 3-3 As-built sketch for Silver Creek rope installation on October 22, 2015. 
 
LEFT 
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Figure 3-4 As-built sketch for Elk Creek rope installation on November 9, 2015. 
 
3.3 SILVER CREEK 
The road-stream crossing at Silver Creek on Hwy 61 was visited eight times between October 2015 and 
April 2017 during different seasons and flow conditions (Figure 3-5). Two sets of doubled mussel spat 
rope were installed near the right (middle) in the left barrel (looking downstream) on October 15, 2015. 
On this date, each culvert barrel was surveyed using a total station. For the first visit, pre- and post- 
installation data were collected including: a velocity cross section near the middle of the left barrel and a 
longitudinal profile of depth between the ropes. For subsequent visits, when conditions allowed, the 
same velocity cross section and longitudinal profile were collected (Table 3.2). 
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Figure 3-5 Looking downstream at Silver Creek Culvert (clockwise from upper left): 10/22/15, 1/8/16, 3/31/16, 
and 10/7/16. 
Photos and video were collected to document the rope condition and any observable fish movement 
near ropes. Attempts were made to visit Silver Creek during likely times of Steelhead and other fish 
migration (late Spring when temperatures approach 40 oF; Carl Haensel, personal communication). 
Video cameras (GoPro) were temporarily installed during each visit overhanging the downstream end of 
the culvert to observe fish movement (Figure 3-6). Additional video was collected using ice fishing 
cameras (AquaVu) to document rope condition and observable fish movement. Detailed notes and 
photos were used to document rope condition during each visit. 
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Table 3.2 Summary of site visits to Silver Creek. Unless noted otherwise, Depth and Velocity are the average at 
the rope cross-section. Estimated discharge is for the entire stream. 
Date Measurements 
Depth 
(ft) 
Velocity 
(ft/s) 
Discharge 
(cfs) Notes 
10/22/15 Survey 
Velocity 
Depth Profile 
Photos 
Video 
0.17 0.88 3.23 Install Ropes 
11/15/15 Photos 
Depth Profile 
- - - Observations only 
1/8/16 Velocity 
Photos 
Video 
0.28 1.34 7.46 No longitudinal depth due to ice 
formation. 
3/31/16 Photos 
Video 
1.2* 5.1* 120* Too fast to safely enter culvert, 
measurements collected at upstream end 
of right barrel. *Numbers estimated. 
4/27/16 Velocity 
Photos 
Video 
0.67 5.68 76* Measurements only collected in left 
(rope) barrel. ADV cross section collected 
in different area due to safety concerns. 
*Discharge estimated. 
4/30/16 Photos 
Video 
Depth Profile 
- - - Observations only 
10/7/16 Photos 
Video 
Velocity 
Depth Profile 
0.36 1.72 12.90  
4/28/17 Photos 
Video 
Velocity 
Depth Profile 
0.53 6.84 62.29  
10/20/17 Photos 
Velocity 
Depth Profile 
0.26 1.49 7.05 Remove Ropes 
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Figure 3-6 Temporary installation of video cameras at downstream end of Silver Creek culvert.  
3.3.1 Effect of Ropes on Velocity and Depth  
The left barrel of the culvert at Silver Creek has a break in slope that causes a hydraulic jump at most 
flows (Figure 3-7). The addition of ropes altered the longitudinal depth profile very little except in the 
vicinity of the super critical flow leading in to the hydraulic jump (Figure 3-7at ~ 40 ft). In this location, 
depths were slightly greater. As this is likely to be one of the most difficult areas within the culvert for 
fish to pass (due to high velocity and low depth) the additional depth is important to note. Additional 
data collected when the ropes were removed provided another no rope/rope comparison. This 
comparison showed slightly greater depth within the steepest sloped area.  
The hydraulic jump was visible in the longitudinal profile across all site visits with the rope installed 
(Figure 3-8). It should be noted that as this culvert was located just before Silver Creek flows into Lake 
Superior, flow within the culvert was strongly affected by Lake levels (see 10/20/17 profile in Figure 3-7), 
but the influence of the ropes on longitudinal depth profiles appears minimal.  
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Figure 3-7 Longitudinal profile before and after rope installation. The dashed line indicates the location of the 
detailed velocity cross-section. 
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Figure 3-8 Longitudinal profile between ropes during all site visits to Silver Creek. The dashed line indicates the 
location of the detailed velocity cross-sections. The velocity cross section was collected at a different location on 
April 27, 2016 due to safety considerations. 
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To investigate the effect of the ropes on velocity distributions within the culvert barrel, detailed velocity 
data were collected at a single cross section during five of the visits to Silver Creek. This velocity cross 
section was located approximately 54 ft downstream of the upstream bolts (Figure 8). On April 27, 2016, 
the velocity cross section was collected at approximately 18 ft downstream of the upstream bolts due to 
safety concerns in cold water (avoiding the super critical area). The installation of the ropes displayed 
little effect on depth across this cross section, but had a significant effect on velocity, reducing the 
velocity in the vicinity of the ropes by 81% (Figure 3-9). Comparing across flow rates, again, little effect 
of the ropes on depth is discernable, but velocities are lower in the vicinity of the ropes (Figure 3-10). 
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Figure 3-9 Depth and velocity pre- and post- rope installation (October 2015) and pre- and post- rope removal 
(October 2017).  
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Figure 3-10 Depth and velocity at the cross-section labeled inFigure 3-8 for all site visits where velocity was 
collected. Note that the cross section for 4/27/16 was located at 18 ft from the start of the culvert due to high 
flows that made the original cross section unsafe to measure.  
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To compare the effect of the ropes on the cross-sectional depth and velocity, the depth and velocity 
near the ropes were compared to the mean cross-sectional value. There were no consistent patterns in 
the % increase in depth near the ropes across all visits (Figure 3-11). However, the percent reduction in 
velocity illustrated a clear pattern across all visits (Figure 3-12). Velocity in the vicinity of the ropes was 
always less than the maximum velocity and the percent reduction linearly decreased with maximum 
flow rate. These results were similar to those reported in the laboratory experiments (Chapter 2). It 
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should be noted that there was a measureable decrease near the wall where the ropes were installed 
prior to the ropes being installed, but under the same flow conditions, the velocity was further reduced 
with the installation of the ropes (Table 3.3). 
  
Figure 3-11 Percent increase in depth near ropes compared to the maximum depth measured in each cross-
section for all site visits.  
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Figure 3-12 Percent decrease in velocity near ropes (average velocity between wall and 1.5 ft compared to the 
mean cross-sectional velocity) as a function of unit discharge.  
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Table 3.3 Summary of measured depth and velocity for each cross-section including measurements near the 
ropes and the maximum value. Note that the cross-section for 4/27/16 was upstream of all other cross-sectional 
measurements (see Figure 3-8). 
Date Max. Velocity (ft/s) 
Velocity near Ropes 
(ft/s) 
Max. Depth 
(ft) 
Depth Near Ropes 
(ft) 
10/22/2015 -pre 0.54 0.21 0.23 0.25 
10/22/2015 0.55 0.04 0.21 0.22 
1/8/2016 3.40 0.37 0.33 0.33 
4/27/2016 7.24 3.10 0.79 0.79 
10/7/2016 2.61 0.18 0.39 0.30 
4/28/2017 8.86 2.09 0.72 0.62 
10/20/2017 2.46 0.34 0.30 0.29 
10/20/2017 -post 2.34 1.22 0.30 0.27 
3.3.2 Observations 
In general, very few fish were observed using the ropes during site visits. Although during the right time 
of year, water temperatures and flow conditions were not ideal for Steelhead movement during Spring 
visits. This does not indicate that fish did not use the ropes. On January 8, 2016, the AquaVu was able to 
document two small fish swimming under the ropes. On October 7, 2016 a minnow darted upstream 
from under the rope when it was moved. No other fish were observed. A frog was dislodged from near 
the center anchor as the ropes were removed on October 20, 2017. Table 3.4 summarizes the key 
observations made at each visit. 
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Table 3.4 Key observations of rope performance at Silver Creek. 
Date Key Observation(s) 
10/22/15 Installation was relatively straight forward in shallow flow. Ropes floated and needed 
to be tensioned 
11/15/15 Plant material began to accumulate on rope fibers (Figure 3-13). 
1/8/16 Ice formed in both barrels along middle wall (Figure 3.14). Some sediment (gravel 
sized) accumulated under ice and ropes. Some rope fibers were found in ice. Two 
small fish were observed swimming under ropes. 
3/31/16 High flows, turbid water (Figure 3-15). No fish observed. Water temperature 32 oF. 
4/27/16 High flows, water less turbid, discharge falling (Figure 3-16). Talked to MN DNR creek 
clerk, he suggested that fish moved earlier (higher and muddier flows). Water 
temperature 39 oF. 
4/29/16 Shallow flows, ropes visible, no fish in culvert. Saw one large fish near falls upstream 
of culvert. P. Leete removed large log at upstream end of culvert. Some debris caught 
in ropes at mid-point anchor (Figure 3-17) 
10/7/16 Debris in rope fibers and at anchor points (Figure 3-18). Shallow flow. Small minnow 
observed darting from under ropes. Film observed coating fibers. 
4/28/17 Water temperature 34 oF. Water clear, ropes easy to see. Fishermen out, but no 
catches observed. Ropes looked worn or fibers flattened. (Figure 3-19) 
10/20/17 Remove ropes and 6 of 8 anchors. Two remaining anchors were bent and could not 
be removed. Sticks and fist size rocks at mid and downstream anchors. Shallow flow 
but lower barrel backwatered due to high lake level. Water temperature 43 oF (Figure 
3-20) 
 
 
 
Figure 3-13 Plant material accumulating in rope fibers (11/15/15). 
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Figure 3.14 Ice formation in culvert (1/8/16). 
 
 
Figure 3-15 High flows in culvert, downstream end (3/31/16). 
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Figure 3-16 Slightly lower flows (downstream end of culvert) on 4/27/16.  
 
  
Figure 3-17 Observational visit on 4/29/16. One large fish seen just downstream of falls (upstream of culvert) 
and some debris caught near anchor at mid-culvert. 
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Figure 3-18 Debris and film on ropes at lower flow (10/7/16). 
 
  
Figure 3-19 Visit to Silver Creek (4/27/17). Moderately high flows, but ropes were visible. 
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Figure 3-20 Last visit to Silver Creek (10/20/17). Low flow, high lake levels created a backwater in lower portion 
of culvert. Ropes collected organic material and branches at mid and downstream anchor points. 
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3.4 ELK CREEK 
The road-stream crossing at Elk Creek on I-90 was visited four times between November 2015 and July 
2017 during different seasons and flow conditions (Figure 3-21). One set of doubled mussel spat rope 
was installed near the left (outer) wall in the left barrel (looking downstream) on November 9, 2015. On 
this date, each culvert barrel was surveyed using a total station. For the first visit, pre- and post- 
installation data were collected including: a velocity cross section near the middle of the left barrel and a 
longitudinal profile of depth between the ropes. For subsequent visits, when conditions allowed, the 
same velocity cross section and longitudinal profile were collected (Table 3.5). 
  
  
Figure 3-21 Field visits to Elk Creek at the I-90 culvert (clockwise from top left): 11/9/15, 1/27/16, 6/20/16, 
9/21/16. 
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Table 3.5 Summary of site visits to Elk Creek. 
Date Measurements 
Depth 
(ft) 
Velocity 
(ft/s) 
Discharge 
(cfs) Notes 
11/9/15 Velocity 
Depth 
Photos 
Video 
2.17 0.14 8.88 Install rope in deep water 
1/27/16 Photos 
Discharge 
0.95 0.43 11.11 Solid ice cover throughout 
culvert. Rope found to be 
discontinuous (cut/broken) 
6/20/16  -   Rope reinstalled, no velocity 
collected 
9/21/16 Photos 
Video 
Velocity 
1.74 1.05 46.44  
7/14/17 Photos 
Velocity 
0.32 1.13 5.76** Remove rope. **Discharge 
only measured in barrel with 
rope. Negligible other 
barrels, but sedimentation 
made it difficult to measure. 
 
Similar to the Silver Creek site, photos and video were collected to document the rope condition and any 
observable fish movement near ropes. Elk Creek is a low gradient prairie stream considered to be critical 
Topeka Shiner habitat. While fish move through the culvert (as documented in a previous project), 
annual migration for spawning salmonids is not a concern at this site. On previous visits, this culvert had 
relatively shallow flows (<10 cm), but, except for the final visit, during this project, the culvert was deep 
(0.5-2 ft) and backwatered; therefore, video cameras (GoPro) were not installed overhead as visibility 
was too low. Some video was collected using ice fishing cameras (AquaVu) to document rope condition 
and observable fish movement. Detailed notes and photos were used to document rope condition 
during each visit. 
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3.4.1 Effect of Ropes on Velocity and Depth  
Flow was backwatered within the culvert at Elk Creek, except for the last visit in July 2017 (Figure 3-22) 
and ropes had no real influence on total depth. The same pattern could be observed in the cross-section 
(Figure 3-23). A slightly shallower depth near the ropes on 9/21/2016 and 7/14/2017 in Figure 3-23 is a 
result of sediment deposition in and around the ropes. At the high depth and low flow during 9/21/16 
and 11/9/15 visits, the ropes had little influence on depth-averaged velocity (Figure 3-23); however, 
similar to Silver Creek, at shallow depths (7/14/17), the ropes created a low flow region.  
Figure 3-22 Longitudinal depth profiles through Elk Creek culvert. 
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Figure 3-23 Depth and velocity at cross-section in left barrel of Elk Creek.  
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3.4.2 Observations 
In general, very few fish were observed using the ropes during site visits. Water conditions were turbid 
and deep and did not allow for significant fish movement monitoring. In addition, damage to ropes was 
noted on the January 2016 visit. New ropes were reinstalled on June 20, 2016. Table 3.6 shows key 
observations for each site visit date. 
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Table 3.6 Key observations of rope performance at Elk Creek. 
Date Key Observation(s) 
11/9/15 Installation of rope was difficult in deep water. Rope floated (Figure 3-24) and was 
difficult to tension. Suggest a bracket system for future installs in similar situations. 
Due to difficulty, only one rope set was installed. 
1/27/16 All three barrels were completely frozen over (ice thickness ~ 1.1 ft; Figure 3-25). 
Rope was missing between augured ice holes. Large fish (not identifiable) observed 
with underwater camera near middle anchor (with rope visible). 
6/20/16 Water murky, visibility ~ 3.4 in in sunlight. Frayed rope (Figure 3-26) located and 
removed. Ropes segmented (broken or cut) between all anchors, but still attached to 
anchors. Unclear why. New ropes were reinstalled. 
9/21/16 Sediment deposition in all three barrels. Rope fully buried in fine sediment 
downstream of mid-point of culvert. Flat vegetation indicates recent high flows 
(Figure 3-27). 
7/14/17 Shallow flow in left (rope) barrel only, middle and right barrels silted in. Rope buried 
in sediment in lower half of barrel, ranging from silt to ~1 inch gravel. Rope removed 
(Figure 3-28). 
 
 
Figure 3-24 Floating rope on 11/9/15. 
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Figure 3-25 Water frozen within culvert on 1/27/16. Ice thickness >1 ft. 
  
Figure 3-26 Rope remnants removed. New rope installed. 6/20/16. 
  
Figure 3-27 Flow shallower than previous visits, but flattened vegetation indicates recent high flows on 9/21/16. 
49 
 
   
Figure 3-28 Low flow conditions and rope removal 7/14/17. 
3.5 EVALUATION OF INSTALLATION TECHNIQUES 
Three types of thread-forming concrete anchors were tested as shown in Figure 3-29  and noted in Table 
3.7. All three anchor types held the stainless steel D-rings and ropes in place throughout the field trial. 
Removed anchors showed no corrosion to the depth embedded in drilled holes in the concrete culvert 
bottom, with varying corrosion where exposed to water. Upon removal, holes were filled with 
underwater epoxy. 
x The 3/16" Tapcon anchors could not be removed at the end of the field trial at Silver Creek. 
There were two contributing factors: first, the flat surface of the D-rings were bent (Figure 3-30) 
because the heads of the 3/16” anchors did not provide enough clamping area, and second, the 
heads were either stripped during installation or deteriorated and could not be gripped by a 
socket. 
x 3/8" Tapcon Heavy Duty+ anchors were not installed full-depth due to limitations caused by the 
deep water at Elk Creek and a broken drillbit, but performed adequately even partly exposed. 
Installation torque was significantly higher than the ¼” anchors, and D-ring holes needed to be 
enlarged to accommodate these anchors. 
x The ¼” Titen HD anchors were easy to install and remove but exhibited some corrosion. Some 
section loss was observed where the D-ring contacted the anchor in the upstream Silver Creek 
anchors (Figure 3-31). Similar stainless steel anchors may now be available.  
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Figure 3-29 Thread-forming concrete screw anchors used in the field installation. From left to right, 1/4" Titen 
HD®, 3/16" Tapcon®, 3/8" Tapcon+® Heavy Duty. 
 
Table 3.7 Anchor details. 
Concrete anchor Installed Material Mfg. 
1/4" Titen HD  x 2-1/2" Silver Creek (6) Galvanized carbon steel Simpson Strong-Tie 
3/8" Tapcon+ Heavy Duty x 3" Elk Creek (3) Corrosion-resistant coated steel Buildex 
3/16" Tapcon x 2" Silver Creek (2) Corrosion-resistant coated steel Buildex 
 
 
Figure 3-30. A bent D-ring, from just below a step down in the invert at the downstream end of the Silver Creek 
culvert. This D-ring was secured with the ¼” concrete anchors and was successfully removed; similar bent D-
rings with 3/16” anchors could not be removed. 
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Figure 3-31. 1/4" Titen HD anchors as removed, showing some corrosion where exposed and minor section loss 
at the D-ring (left). 
3.6 EVALUTATION OF ROPE DURABILITY 
After removal from field installations, ropes were evaluated for signs of wear. Mussel spat ropes were 
installed in the Silver Creek culvert for a total of 729 days and in the Elk Creek culvert for a total of 389 
days. Note that in January 2016 the ropes in Elk Creek were observed to be segmented between anchors 
and that these ropes were replaced in June 2016. It is unclear why the ropes were segmented as the ropes 
were underneath the ice in January, and observations of the rope ends in June did not identify clear cut 
marks or reason for breakage. The rope splits between the anchor points raise concern over potential 
debris or ice caught in the ropes during high flow, potential vandalism, or damage by semi-aquatic 
mammals or turtles. While Elk Creek has little forested riparian area to contribute woody debris, flows 
tend to be flashy and rise quickly (Kozarek et al., 2017). Potential debris hazards should be investigated 
before installing ropes (see Section 3.5 for installation recommendations). 
The fibers that make up the Super Xmas Tree rope used in these experiments (Donaghy’s Industries, New 
Zealand) are UV stabilized polypropylene (David et al., 2009). Their durability in flowing freshwater 
environments is unknown, but in marine environments (exposed to wave action and full sunlight) a 10-15 
year life-span is indicated by the manufacturer. Within culvert barrels, ropes are protected from direct 
sunlight, but are exposed to abrasion from sediment. David et al. (2014) reported mussel spat rope 
installations of five years requiring no maintenance, but have no installations that have been in place 
longer to evaluate. In this study, rope installations of one (Elk Creek) and two (Silver Creek) years were 
evaluated for rope wear. Elk Creek during the study period was mostly backwatered and slow moving with 
fine sediment dominating the sediment load, while Silver Creek was generally shallow and swift with 
coarser (gravel and larger) sediment dominating the bedload. 
Outside of rope failure, one of the biggest concerns for the use of mussel spat ropes as fish passage 
retrofits is the potential of the ropes to add to the microplastic pollution (Erickson et al., 2013; Baldwin et 
al., 2016; Rios et al., 2010). After removal from each site, 10 lengths of rope each 0.5 m (1.6 ft) in length 
were dried and weighed. These rope samples were then hand washed with soap and water and weighed 
again. Compared to the undeployed rope, ropes removed from both sites were significantly heavier due 
to the accumulation of organic and inorganic particles and material within the rope fibers (Figure 3-32). 
After washing, the mass of the deployed ropes approached the weight of the undeployed ropes, but still 
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retained extra mass. Therefore, differences in rope mass will not be adequate to quantify the potential 
mass of fibers lost for each installation.  
 
 
Figure 3-32 Mass of rope when removed compared to undeployed rope and after multiple washes (number 
indicates washes). 
When new, rope fibers show blunt-cut ends of multiple fibers and small, single-strand fiber fuzz (Figure 
3-33). For the ropes removed from Silver Creek, the blunt-cut ends have been rounded and many of the 
smaller fibers are no longer visible (Figure 3-34). Ropes removed from Elk Creek show the build up of 
fine material in the unwashed ropes, but also retain blunt cut ends similar to the unwashed ropes 
(Figure 3-35). While the ropes in Elk Creek were in place for only one year, slower velocities and fine 
sediment deposition likely protected the ropes from abrasion. The worn ends on the fiber strands 
present in ropes removed from Silver Creek indicate that while the amount of plastic fibers lost cannot 
be quantified, plastic loss may be a concern for long-term deployment.  
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Figure 3-33 Images of rope fibers before installation (washed gently with tap water). Upper left: photograph 
with scale; other images under magnification to show rope edge details. 
 
Figure 3-34 Rope fibers removed from Silver Creek before washing (left) and after two washes (right). Upper left 
in each image set: photograph with scale; other images under magnification to show rope edge details. 
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Figure 3-35 Rope fibers removed from Elk Creek before washing (left) and after three washes (right). Upper left 
in each image set: photograph with centimeter scale; other images under magnification to show rope edge 
details. 
3.7 SUMMARY AND RECOMMENDATIONS 
Mussel spat ropes were installed in two culverts in differing geomorphic settings with different fish 
communities in Minnesota. Following a year of monitoring at both sites, the following suggestions for 
the use of mussel spat ropes for fish passage can be made: 
Installation: 
1. D-rings attached to the culvert bottom are sufficient to attach ropes in shallow flows. 
2. In deeper water (>1.5 ft), a bracket and tensioning device that can be anchored above the water 
line should be used. 
Fish Passage: 
3. Fish may use ropes for flow refugia (resting areas) while travelling upstream or as cover in box 
culverts where there is very little natural cover. It is unknown to what extent different species 
may use ropes. Experiments in Chapter 4 in a controlled setting illustrate three species use of 
ropes. 
Maintenance: 
4. Debris such as sticks, leaves, and stones may become lodged in the ropes, especially near anchor 
points. These areas may need to be checked occasionally and cleared of debris if excessive.  
5. Ice may develop on water slowed by ropes. This is not considered to be a significant effect, but 
should be monitored where there is concern over ice development. 
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6. Fine sediment seems to build up on ropes in low-velocity water. If there is excessive fine sediment 
moving through a site, ropes may become buried and thus ineffective in reducing local velocity. If 
ropes are a significant factor in promoting fish passage, they may need to be cleared of sediment 
occasionally. However, the accumulation of some sediment on an otherwise “clean” culvert 
bottom could also be beneficial to reduce a behavioral barrier to fish movement. 
7. Ropes appear to wear over time. Excessive wear could lead to the introduction of plastic to the 
aquatic environment. Ropes should be monitored for wear, especially in stream with abrasive bed 
load, and removed if wear is significant.  
8. Ropes should be evaluated for signs of animal (or human) activity. Semi-aquatic mammals or 
freshwater turtles may chew or bite the ropes and reduce their longevity. 
Future Research: 
9. Due to concerns over plastic in the environment, additional research efforts should focus on 
identifying natural fiber materials that would provide the same benefits. 
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CHAPTER 4:  FISH USE OF MUSSEL SPAT ROPES: LABORATORY 
4.1 EXPERIMENTAL SETUP 
The flume experiments to investigate fish use of mussel spat rope were conducted from June to August 
2017 at the University of Minnesota’s St. Anthony Falls Laboratory (SAFL) to examine use of mussel spat 
ropes by fish. An existing plywood flume (5 ft wide by 32 ft long) was modified to include a raised test 
section to represent a box culvert and two plexigas windows for viewing fish behavior. This flume is 
supplied with water diverted from the Mississippi River (Figure 4-1). Ropes were installed similarly to the 
field installations (Chapter 3) on the left side of the flume (looking downstream). Ropes were doubled 
and attached to the flume bottom with D-rings. The first set of ropes was installed 8 in from the fume 
wall and the second was attached with a 6 in-gap between the sets. The ends of the ropes hang over the 
edge of the test section (similar to the Silver Creek installation).  
Four video cameras were used to document fish movement through the test section. Two of the 
cameras looked straight down onto the test section. These cameras (GoPro Session) recorded the 
upstream and downstream areas separately as a single camera could not capture the entire area. De -
warping of the wide angle video was completed using GoPro Studio software. These cameras were used 
to record the location of fish across and along the flume. An 11.8 inch (30 cm) grid was drawn on the 
test section floor to facilitate fish tracking. The location of fish or schools of fish were tracked using a 
modified motion-based multiple object tracking script in MATLAB 
(https://www.mathworks.com/help/vision/examples/motion-based-multiple-object-
tracking.html?requestedDomain=www.mathworks.com). This script performs automatic detection and 
motion-based tracking from a stationary camera. Two additional cameras were installed in plexiglass 
windows at the downstream end and mid-point of the ropes. These cameras were used to document 
fish behavior in the vicinity of the ropes.  
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Figure 4-1 Flume set up for fish passage experiments. 
Fish use of ropes was observed in the flumes using three species of fish common to Minnesota, Fathead 
Minnow, White Sucker, and Johnny Darter (Table 4.1). Fathead Minnows (Pimephales promelas) were 
selected because they are found in every drainage in Minnesota, are the most common species of 
minnow in the state, and were one of the species used in a previous MnDOT project (see 
58 
 
http://academics.cehd.umn.edu/hatch/research/fish/fishes/fathead_minnow.html and Mosey, 2017). 
Fathead minnows are not particularly strong swimmers. Critical swimming speeds of Fathead Minnows 
vary from 0.94 ft/s to 1.42 ft/s (28.8 to 43.4 cm/s), depending on a number of factors including growth 
rate, age, sex, and length (Kolok and Oris, 1995). For this reason, the maximum average velocity that fish 
were exposed to in these experiments was 0.98 ft/s (30 cm/s). As results from the hydrodynamic 
experiments (Chapter 2) and field campaign (Chapter 3) illustrate, ropes had the greatest effect on flow 
fields in shallow flows. For this reason (and because it becomes difficult to see fish underwater a deeper 
flows), fish experiments were conducted at two depths: 0.26 ft (8 cm) and 0.49 ft (15 cm). At 0.26 ft 
depth, three velocities were tested: 0.49 ft/s (15 cm/s), 0.74 ft/s (22.5 cm/s) and 0.98 ft/s (30 cm/s). At 
0.49 ft (15 cm) depth, only the 0.74 ft/s velocity was tested.  
Table 4.1 Summary of experiments to observe fish behavior near mussel spat ropes. 
Fish Species 
Depth 
(ft) 
Velocity 
(ft/s) 
Fathead Minnow 0.26 0.49 
Pimephales promelas 0.26 0.74 
 0.26 0.98 
 0.49 0.74 
White Sucker 0.26 0.49 
Catostomus commersonii 0.26 0.74 
  0.26 0.98 
Johnny Darter 0.26 0.74 
Etheostoma nigrum 0.26 0.98 
  0.26 1.48 
White Suckers (Catostomus commersoni) are one of the most common fish in Minnesota 
(http://www.dnr.state.mn.us/fish/whitesucker.html). They were selected because they are benthic 
(bottom dwelling), and because they move into stream headwaters to spawn in Spring 
(http://academics.cehd.umn.edu/hatch/research/fish/fishes/white_sucker.html). White suckers used in 
these experiments were juvenile (<~ 4 in in total length). Smaller white suckers (0.56 ft; 17 cm) have 
critical swimming speeds near 1.54 ft/s (47 cm/s; Peak, 2008). As critical swimming speeds are often 
related to body length, the critical swimming speeds for the fish used in these experiments was likely 
less. White Suckers were observed at the same velocity/depth combinations as Fathead Minnows. 
Johnny Darters (Etheostoma nigrum) are the most common darter in Minnesota 
(http://academics.cehd.umn.edu/hatch/research/fish/fishes/johnny_darter.html). They are small 
benthic fish (<2.3-2.5 in). The critical swimming speed of Johnny Darters is higher than both White 
Suckers and Fathead Minnows, 2.22 ft/s (67.8 cm/s; Gardner, 2006), therefore, the velocities used in 
flume experiments were increased (Table 4.1).  
Prior to testing, fish were held in flow-through aquaria with the same water source (Mississippi River) as 
the flume. Fish care was conducted under a research protocol issued from the Institutional Animal Care 
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and Use Committee (IUCAC). Each fish was only used once. Following experiments, fish were euthanized 
using 250 mg/L Tricaine methanesulfonate (MS-222). Fish were fed once per day (after experiments 
were completed). For each experimental run, 10 fish were collected from the fish holding aquarium. Fish 
were transferred in an aerated cooler to the flume. Fish were released in the downstream holding area. 
This area was divided into two sections with a permeable wall. Five fish were placed on either side of 
this wall. Fish were allowed to acclimate for 15 minutes. After which, the fish release gate was slowly 
raised and cameras were started. Researchers remained behind a curtain so as not to affect fish 
movement. After one hour, general fish location (upstream, downstream, in ropes, etc.) was recorded 
and fish were captured and removed from the flume. For the higher velocity runs (1 ft/s; 30 cm/s). Fish 
were placed in the holding area at a lower velocity (0.49 ft/s) and flow was slowly ramped up over 15 
minutes before fish were released. 
Total discharge through the flume was controlled by valve and was monitored using a point gauge over a 
sharp crested weir downstream of the test flume. The depth was controlled using an adjustable weir at 
the downstream end of the flume. Depths were set using a staff gauge at the middle window. To verify 
flow distributions throughout the flume during experiments an acoustic Doppler velocimeter (ADV) was 
used to measure depth-averaged velocity at four cross-sections for each flow/depth combination.  
4.2 VELOCITY DISTRIBUTIONS AROUND ROPES 
Flow distributions throughout the flume were measured using an acoustic Doppler velocimeter (ADV; 
Sontek Flowtracker). Depth-averaged velocity was measured at four cross-sections for each flow/depth 
combination. Cross-section A was approximately 2 ft upstream of the test section (in deeper flow), 
cross-section B was 1.2 ft downstream from the upstream end of the test section. Cross-section C was at 
the midpoint of the test section, and cross-section D was 0.82 ft upstream of the downstream end of the 
test section. Results shown in Figures 4-2 to 4-6 below characteristically show a significant decrease in 
velocity in the vicinity of the ropes, similar to the hydrodynamic experiment and field results.  
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Figure 4-2 Velocity distribution at four cross sections (A-D) for 0.49 ft/s average velocity, and 0.26 ft depth at 
middle window experimental runs. 
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Figure 4-3 Velocity distribution at four cross sections (A-D) for 0.74 ft/s average velocity, and 0.26 ft depth at 
middle window experimental runs. 
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Figure 4-4 Velocity distribution at four cross sections (A-D) for 0.98 ft/s average velocity, and 0.26 ft depth at 
middle window experimental runs. 
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Figure 4-5 Velocity distribution at four cross sections (A-D) for 1.48 ft/s average velocity, and 0.26 ft depth at 
middle window experimental runs. 
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Figure 4-6 Velocity distribution at four cross sections (A-D) for 0.74 ft/s average velocity, and 0.49 ft depth at 
middle window experimental runs. 
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4.3 FISH USE OF MUSSEL SPAT ROPES 
4.3.1 Fish Behavior  
Fish behavior within the test section was observed using video. Fish tracks were identified to locate fish 
movement within each video (two per experimental run). While the automatic identification of fish 
tracks was not able to identify all fish movement or discriminate between a single fish and a school of 
fish, these tracks help to visualize observed behavior including: swimming between the ropes and the 
wall (Figure 4-7), swimming along the opposite wall (Figure 4-9), and swimming in the middle or crossing 
over the test section (Figure 4-10). All of these behaviors were observed by all three fish species. 
Appendix B shows a series of screen shots from experiments with Fathead Minnows further illustrating 
these behaviors. The effect of velocity and fish species on fish movement is examined quantitatively in 
Section 4.3.2   
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Figure 4-7 Identified tracks of Fathead Minnow movement at 0.49 ft/s (15 cm/s). Each color represents a 
uniquely identified track. Fish were observed to swim along both walls. Flow is from left to right. Top: 
downstream half of flume, Bottom: upstream half of flume. 
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Figure 4-8 Identified tracks of Fathead Minnow movement at 0.74 ft/s (22.5 cm/s). Each color represents a 
uniquely identified track. Fish were observed to swim along both walls. Flow is from left to right. Top: 
downstream half of flume, Bottom: upstream half of flume. Note that the straight diagonal track in the lower 
image was identified as a bubble. 
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Figure 4-9 Identified tracks of White Sucker movement at 0.49 ft/s (15 cm/s). Each color represents a uniquely 
identified track. Fish were observed to swim along both walls. Flow is from left to right. Top: downstream half of 
flume, Bottom: upstream half of flume. 
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Figure 4-10 Identified tracks of Johnny Darter movement at 0.74 ft/s (22.5 cm/s). Each color represents a 
uniquely identified track. Fish were observed to swim along both walls. Flow is from left to right. Top: 
downstream half of flume, Bottom: upstream half of flume.  
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Other fish behaviors were observed through a window installed at the transition between the 
downstream resting area and the test section and a window installed at the mid-point of the test 
section. In the downstream window, fish were observed to hide underneath the ropes (Figure 4-11). At 
the mid-flume window, fish could be observed swimming between the rope and the wall and 
underneath the ropes (Figure 4-12, Figure 4-13, and Figure 4-14).  
 
Figure 4-11 Commonly observed behavior: the fish that decide not to swim upstream through the test section 
appear to shelter below the downstream ends of the ropes. In this image, the fish are Fathead Minnow. 
 
Figure 4-12 Three fish (White Sucker) washed downstream during 0.98 ft/s (30 cm/s) experiment. Flow is from 
right to left. 
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Figure 4-13 A single fish (White Sucker) swimming back up in low flow region underneath the ropes during 0.98 
ft/s (30 cm/s) experiment. Flow is from right to left. 
 
Figure 4-14 A single fish (Johnny Darter) swimming up in low flow region underneath the ropes during 0.74 ft/s 
(22.5 cm/s) experiment. Flow is from right to left. 
 
4.3.2 Effect of Velocity  
While the video provided qualitative evidence of fish use of ropes and slow flow area adjacent to flume 
walls to ascend the test section, information extracted from these videos can provide a quantitative 
evaluation of fish use of the ropes as a function of velocity. Both Fathead Minnow and White Sucker had 
proportionally fewer fish found in the upstream area at the end of the experiment during higher velocity 
experiments, while Johnny Darter moved similarly regardless of the velocity (Figure 4-15). Of the fish 
that were observed to start moving upstream into the experimental area (simulated culvert barrel), a 
proportionally larger number of Fathead Minnow started along the rope side of the flume with great 
velocity, while a proportionally smaller number of Johnny Darter started along the rope at higher 
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velocity (Figure 4-16). A proportionally larger number of White Sucker started at the rope at higher 
velocities, but the relationship was not significant. Even though a smaller number of Fathead Minnow 
completed the passage through the experiment area compared to the other species, those that did at 
higher velocities, all used the rope side of the flume (Figure 4-17). Similarly, a greater proportion of 
White Suckers that finished passing the experimental area were on the rope side of the flume at higher 
velocities, but this relationship was not significant. There were no trends in observed rope usage by 
Johnny Darter as a function of velocity, but approximately 75% of all fish observed passing the end of 
the experimental area were on the rope side of the flume. Together, these results provide evidence of 
the use of rope both for cover and for flow refugia during higher flows.  
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Figure 4-15 Logistic regression of the proportion of total fish that were found upstream at the end of the one 
hour run by the experimental velocity. The P-value indicates the Chi-square goodness of fit for the whole model. 
(P< 0.05 is assumed to be significant). 
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Figure 4-16 Logistic regression of the proportion of fish that started on the rope side of the flume by the 
experimental velocity. The P-value indicates the Chi-square goodness of fit for the whole model. (P< 0.05 is 
assumed to be significant). 
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Figure 4-17 Logistic regression of the proportion of fish that were observed to end the experimental section on 
the rope side of the flume by the experimental velocity. The P-value indicates the Chi-square goodness of fit for 
the whole model. (P< 0.05 is assumed to be significant). 
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4.4 SUMMARY 
This chapter details the flume set up, video processing, and observational results of a set of experiments 
to identify fish use of mussel spat ropes using Fathead Minnows, White Suckers, and Johnny Darters. 
Based on these experiments, we can make two key observations: 
1. At low and moderate flow rates, fish swam alongside or under rope; however, at lower flow rates, 
fish also swam alongside flume walls. At higher flow rates, fewer fish swam upstream. 
2. Fish used the ropes hanging over the downstream end of the test section for cover and a resting 
area before progressing upstream. 
Based on these observations, we can conclude that fish used rope for both cover and flow refugia. 
Combining these observations with the hydrodynamic experiments (Chapter 2) and field installations 
(Chapter 3), these ropes show promise for facilitating fish passage, especially in smooth bottomed box 
culverts with little cover.  
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CHAPTER 5:  CONCLUSIONS AND RECOMMENDATIONS 
The use of mussel spat rope as a culvert retrofit to facilitate fish passage was investigated in a three 
prong study combining hydrodynamic experiments, field installation, and fish experiments. While the 
use of mussel spat ropes for fish passage originated in New Zealand, this study focused specifically on 
mussel spat rope use in box culverts for Minnesota fish species.  
5.1 APPLICABILITY OF MUSSEL SPAT ROPE FOR FISH PASSAGE 
Mussel spat rope provides an inexpensive culvert retrofit to facilitate fish passage through box culverts. 
These ropes disrupt uniform flows in smooth bottom culverts providing a low-velocity zone around and 
between ropes that can be utilized by fish. In addition, the ropes provide covered habitat, even in low-
velocity settings, that may be utilized by small fish species.  
It is not expected that mussel spat ropes will be a design element to facilitate fish passage in new culvert 
designs where other more appropriate fish passage designs such as embedded can be designed and 
installed (see Kozarek and Mielke, 2015). Rather, as a retrofit in large box culverts with known fish 
passage issues, ropes may provide an inexpensive fix until other options are feasible. Field monitoring of 
installation sites may be required, however, to verify that fish passage has improved with the 
installation of ropes.  
5.2 LIMITATIONS OF MUSSEL SPAT ROPE FOR FISH PASSAGE 
Not all fish will be able to utilize ropes to pass through culverts. The low-velocity regions created by the 
ropes are generally < 6 in, limiting the usefulness of the ropes to smaller fish species.  
 In large box culverts, ropes create minimal change to the hydraulic capacity, provided that ropes are 
only installed over a small fraction of the culvert bottom. In smaller culverts, where ropes cover a 
greater fraction of the culvert bottom, changes to the culvert capacity should be evaluated.  
Ropes and anchoring locations have the potential to catch debris and/or interact with ice formation. If a 
site has potential to carry a large debris load, rope anchoring should be checked often.  
The durability of ropes beyond 2-5 years is unknown, particularly in sites with high potential for 
sediment abrasion. In addition, there are concerns over plastic particles in the environment that may 
need to be evaluated. 
5.3 INSTALLATION RECOMMENDATIONS 
1. Ropes performed best in culverts with low sediment load, shallow flows, and high velocities. 
2. Ropes should be installed in sets of doubled ropes. Spacing between rope sets and the culvert 
wall of approximately 6 in maintained a low flow area between ropes/wall. 
3. D-rings attached to the culvert bottom are sufficient to attach ropes in shallow flows. 
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4. In deeper water (>1.5 ft), a bracket and tensioning device that can be anchored above the water 
line should be used. 
5. Ropes should be monitored at least once per year for signs of debris or excessive wear. 
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APPENDIX A 
VIDEOS/PRESENTATIONS OF MUSSEL SPAT ROPE FISH PASSAGE 
A-1 
 
Tonkin, Jonathan D; David, Bruno O.; Hokianga, Hayden; Taipeti, Kris (2014): Rope beats slope: Mussel 
ropes allow fish and crustacean passage through long, steep culverts. figshare.  
http://dx.doi.org/10.6084/m9.figshare.978909  
Retrieved 17:49, Jan 05, 2015 (GMT) 
 
Tonkin, Jonathan D; David, Bruno O. (2013): Video footage of fish and shrimp use of mussel spat rope in 
experimental culverts. figshare.  
http://dx.doi.org/10.6084/m9.figshare.695084  
Retrieved 17:21, Jan 05, 2015 (GMT) 
 
Tonkin, Jonathan D; David, Bruno O. (2013): Paratya curvirostris using mussel spat rope to pass through 
experimental culverts. figshare.  
http://dx.doi.org/10.6084/m9.figshare.694255  
Retrieved 23:28, Jan 05, 2015 (GMT) 
 
Tonkin, Jonathan D; David, Bruno O. (2013): Inanga (Galaxias maculatus) using mussel spat rope to pass 
through experimental culverts. figshare.  
http://dx.doi.org/10.6084/m9.figshare.694197  
Retrieved 23:28, Jan 05, 2015 (GMT) 
 
Redfin bullies (Gobiomorphus huttoni) swimming through experimental culvert pipes with the aid of 
mussel spat rope. 
https://www.youtube.com/watch?v=9oltYP2gsD8 
 
Fish climbing ropes to pass man made obstacles. 
https://www.youtube.com/watch?v=ELNbTX7Q1pA 
 
Banded kokopu climbing rope  
https://www.youtube.com/watch?v=a-HxTLPqi6w&feature=youtu.be 
 
Paratya shrimp rope perspex pipe 1  
https://www.youtube.com/watch?v=nbhuqur5GBc 
 
brown trout smooth 6m culvert 1  
https://www.youtube.com/watch?v=kN4Am0J2o6o 
 
brown trout roped 3m culvert 1  
https://www.youtube.com/watch?v=31TnXZoO8wU 
 
inanga smooth 6m culvert 1  
https://www.youtube.com/watch?v=GBzssWr67og 
 
inanga roped 6m culvert 1  
https://www.youtube.com/watch?v=i6oNI7tPGBk 
 
  
APPENDIX B 
EXAMPLE VIDEO STILLS OF FATHEAD MINNOW MOVEMENT (0.49 
FT/S) 
 
 
B-1 
 
 
 
Two fish start to swim upstream along the ropes.  
 
Five fish start to swim upstream along the opposite wall. 
B-2 
 
 
One fish turns back. 
 
One that started along the ropes proceeds to the top of the flume. 
B-3 
 
 
The biggest fish pulls ahead and makes it upstream. 
 
The other three start to struggle.  
B-4 
 
 
They head toward the ropes. 
 
They enter the ropes and continue upstream. 
 
